The asymmetric magnetization reversal behavior (AMRB) is a significant nature of the EB systems. It has been revealed that the forward and backward branches of the magnetization reversal are performed in different modes, such as the separated ways of magnetic moment rotation [5] [6] [7] [8] , the distinct nucleation sites and abilities of the inverse domain [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and the unsymmetrical training and recovering effect of the pinning of the UCAS [3, [19] [20] [21] [22] . Most AMRBs, except for the loop shift, have their particular features in the specific EB systems, which strongly depends on the structure [1, 4, 23, 24] and measuring methods [4, [9] [10] [11] [25] [26] [27] [28] . The appearances of the AMRBs are so complex that the comprehension on the origin and the classification of the AMRBs is still in debate.
Theoretical studies [4] [5] [6] have already shown two intrinsic origins of AMRB, which are responsible for two types of AMRBs, respectively. The origin for type-I AMRBs is the inhomogeneity of the ferromagnetic structure [1, 4] , while the origin for type-II AMRBs is the competition of the uniaxial FM anisotropy (K U ), the interfacial unidirectional exchange anisotropy (K E ), and the magnetic field (H) [5, 6] . Accordingly, type-I AMRBs are often observed as asymmetric incoherent reversal when the FM layer has adequate thickness (t FM ) and insufficient exchange stiffness (A ex ). The incoherence of the FM layer during the reversal process has been intensively studied by experiment and micromagnetic simulation [4] . Meanwhile, type-II AMRBs is observed as asymmetric coherent rotation. In most previous studies, the pinning direction (PD) is along the FM easy-axis (K U and K E are collinear). Then the AMRBs vary with the rotation of H, which can be well described by a shifted Stoner-Wohlfarth (S-W) asteroid [6] .
oblique PD. So the conditions for both AMRB origins (One is the angular competition of K U , K E , and H, while the other is the incoherent reversal of the FM layer) are fulfilled. The hysteresis loops were measured by a MicroMag2900 Alternating Gradient Force Magnetometer (AGM) along the perpendicular direction. Owing to the cooperation of the two AMRB origins, the loops exhibit unique asymmetric characters. However, these unique AMRBs were not observed in the results measured by the Vibrating Sample Magnetometer (VSM) in the Quantum Design Physical Property Measurement System (PPMS). Besides, a positive loop shift (shift along the inducing field direction) of the hysteresis zone is observed in loop (e) (t FeMn =6.0 nm), which means positive exchange bias (PEB) exists when t FeMn is slightly larger than the t c AFM for the loop shift. The PEB has already been found in several FM/AFM, FM/ferrimagnetic, soft/hard ferrimagnetic, and FM/spin-glass systems [29] [30] [31] [32] [33] . In some systems, such as FM/FeF 2 [29] , the PEB appears at the whole low temperature region if only the inducing field is large enough. In some other systems, such as Co/CoO [30] and NiFe/IrMn [34] , the PEB appears only at a critical region that the temperature is slightly lower than the blocking temperature and the AFM thickness is slightly larger than the critical AFM thickness at that temperature [35] . The domain distribution of the UCAS and the antiferromagnetic interfacial As the FeMn layer thickness increases, the loop (f) (t FeMn =9.0 nm) exhibit a negative shift of the hysteresis zone. After t FeMn >12.0 nm, unexpectedly, the asymmetry character is no longer just a horizontal loop shift. It can be seen in loop (g) and (h) that there are two M-peaks in each reversal branch respectively, which is attributed to the irreversible rotation of the magnetic moments.
However, the novel AMRBs mentioned above is only observed in the perpendicular measurement by means of AGM. The in-plane AGM measurement using small mangetic field were performed in order to examine the in-plane magnetization reversal behaviors. As shown in Fig.6 and Fig.7 , the in-plane hysteresis loops exhibit obvious EB. The exchange bias field (H ex ) of the Co(t Co )/FeMn(13.0 nm) multilayers varies as expected. There is an intensity loss of the EB (H ex is smaller than the H ex~1 /t FM law) when t Co <1.6 nm. The H ex reaches its maximum at t Co =1.6
nm, then decays with the increment of t Co . However, the signal of the loop shift is random, which means the PD could be any direction in the film plane. It can be known from Fig.10 and Fig.11 that the interlayer exchange coupling between the Co(8.5 nm) layer and the (Pt/Co) 6 periods is ferromagnetic and antiferromagnetic when t Pt =6.6 nm and t Pt =4.6 nm, respectively. The discrepancy of the angular dependences of the EB and the coercivity in the in-plane loops and the variation trend of M-fluctuation in the perpendicular loops between t Pt =6.6 nm and t Pt =4.6 nm is associated with influence of the interlayer coupling on the spatial pathway of moment rotation during the magnetization reversal. It is not a surprise that interlayer coupling at the side away from the FM/AFM interface could affect the EB in that the magnetic structure inside the FM layer is also a determinant of the EB, especially for a thick FM layer having inhomogeneous magnetic structure in different depth.
Taking account to the demagnetization, the perpendicular exchange length of the Co layer is about 2.9 nm. When Co layer are pinned by the FeMn layer, the rotation of the magnetic moments of Co at the FM/AFM interface is harder than that of the moments located away from the interface.
That makes the inconsistency of the orientation of the Co moments during the magnetization reversal. When t Co =8.0 nm, the Co layer is thick enough to form a planar exchange spring or even an incomplete planar domain wall. Since the FM layer rotate incoherently during the reversal, the S-W model based on the coherent rotation does not work well here. A more senior model should be employed to interpret the unique AMRBs we observed.
A third condition for the unique AMRB we observed is the AFC at the FM/AFM interface.
There are some clues about the dominating AFC, which have been shown in Fig.4(B) and Actually, it means that during the magnetization reversal, the restoring and relieving of the exchange coupling energy both at the FM/AFM interface and within the FM layer should be considered. In our Co/FeMn bilayers, as the Co layer is rather thick and the PD is non-collinear with the anisotropy, a planar exchange spring could be formed in the Co layer. The total energy could be written as:
Where E Z is the Zeeman energy of the bilayer, E FS is the exchange energy of the exchange spring in the FM layer, and E INT is the interfacial coupling energy, including the coupling between the FM spins and the rotatable UCAS, and the coupling between the rotatable and the pinned AFM spins. Consequently, the magnetization could vary against the external field at the cost of the E FS or E INT . There are multiple metastable spin configurations during the magnetization reversal in the competition of E Z , E INT , and E FS . The most favorable orientations of the FM spins, as well as that of the pinned and rotatable UCAS, depend jointly on the pinning strength derived from the AFM layer, the external field, and the depth of the spins. The reversal process of the spins in different depth is shown in Fig.12(b) . In stage II and IV, the s UCN and the FM spins flip into the nearly opposite directions, accompanied with the energy exchange between E Z and (E FS +E INT ). It can be seen from Fig.12(b) that the reversal process is neither symmetric nor reversible, which is a typical character of type-II AMRBs. In the case of type-II AMRB, the FM spins rotate along the semicircle in accordance with the side of PD when the pining effect is strong enough [5, 6] . However, in our Co/FeMn bilayers, taking into account the antiferromagnetic interfacial coupling, the s UCN rotate along the side of PD while the FM spins Moreover, it is obviously not a simple type-II AMRB, but a AMRB with dual origin here. The incoherency of the FM layer, as the basis of type-I AMRB, is also indispensable to this novel AMRB, too. The inhomogeneous FM layer yields the E FS , which is crucial to the sudden inversion of the spins in stage II. Therefore, the unusual M-peak at the right side of the loops (stage II~III) is strongly revelent to the incoherent reversal within the FM layer.
It seems curious that the AGM and the VSM (in PPMS) measurments show different results in the loop shape. In fact, it could be attributed to the influence of the small alternating gradient component of the AGM measuring field on the reversal of the interfacial spins.
Since the AFC was observed in our perpendicular induced Co/FeMn bilayers, there should be three minimum energy states in the middle of the reversal course (stage III as shown in Fig.3 ). In most cases (e.g. in the PPMS measurement, as shown in Fig.12(c) by the dot curves) , the metastable configuration of the interfacial spins is inaccessible in that energetic reduction in forming the metastable phase is small and the energetic barrier for the phase transition is high.
However, the AGM measurement is of special measuring principle. The AGM measurement field consists of a DC sweeping component (up to 15 kOe) and a small alternating gradient component (5~20 Oe/cm, 350~400 Hz). As it is also in a gradient form, the perpendicular demagnetization (shape anisotropy) is affected cumulatively by the alternating gradient field. Then the domain nucleation of more stable phases during the magnetization reversal is affected.
Although the amplitude of the gradient field is rather small, the activating energy derived from the alternating gradient field is much than the thermal activation at room temperature. The alternating gradient field could provide adequate activating energy to help the nucleation of the metastable phase. The interfacial spins would not flip over without the aid of the alternating gradient field. 
